Introduction 2
Biomass is becoming important in heat and power production because of its renewable and CO 2 -neutral 3 characteristics. However, utilization of biomass in high temperature processes is challenged by ash-4 related problems, such as deposition and corrosion [1] [2] [3] [4] . The release of Cl and K is a main concern due 5 to the relatively high content of Cl and K in biomass (especially in annual biomass) and their adverse 6 effect on biomass combustion and gasification processes, such as deposition [5, 6] , corrosion [7] , 7 deactivation of SCR catalysts [8] , and emission of HCl and CH 3 Cl [9] [10] [11] [12] . To minimize these 8 operational problems, a good understanding of the Cl and K release and transformation during high 9 temperature utilizations of biomass is required. 10 The concentration and association of Cl and K vary in different biomass [13, 14] . In woody biomass, the 11 concentration of Cl is typically very low (<0.01%) and more than 90% of the Cl is water soluble [15] . In 12 annual biomass like rice and wheat straw, the concentration of Cl is much higher (0.1-0.6%), and the 13 water soluble Cl constitutes an important part of the total Cl (typically above 50%) [16] . Potassium 14 normally has the second largest concentration among all inorganic elements in biomass (lower than Si or 15 Ca depending on fuel type), ranging from 0.02% to 1.5% depending on fuel type (low in woody biomass 16 and high in annual biomass) [13] [14] [15] [16] . More than 50% of the total K in biomass may exist in a form of 17 water soluble K [16] . Water soluble Cl and K are largely present as KCl, which is proposed as a major 18 inorganic constituent in biomass [17] . Therefore, understanding the interactions between KCl and 19 biomass during thermochemical conversion processes is of importance. 20
In biomass thermochemical conversion processes, Cl is primarily released during the devolatilization 21 stage. Van Lith et al. [18, 19] In spite of the progress, there are still some unresolved issues about the reaction between biomass and 23 KCl, such as the influences of heating rate and different biomass components on the release of chlorine 24 and the formation of CH 3 Cl. To address these issues, four model compounds of biomass (cellulose, 25 xylan, lignin and pectin) and a pine wood, were chosen in this work to investigate their reactions with 1 KCl during pyrolysis. The experiments were carried out in a TGA under well-controlled heating rate 2 Table 1 . The Cl 11 content in all fuels was negligible (<0.01%). The K content was slightly higher, taking up 0.095% and 12 0.12% for lignin and pectin respectively. 13
Sample preparation 14
The KCl doping procedure used in [30] was chosen to produce KCl doped biomass. As an example, 15 cellulose doped with 2% KCl was prepared in the following way: 3.92g cellulose and 0.08g KCl were 16 weighted separately and put into a dry empty beaker. The mixed sample was then dissolved in 100 ml 17 distilled water and stirred for 12 h before being dried in a muffle furnace at 105 
GC-MS 10
The gas samples produced in pyrolysis were collected in gasbags and analyzed for CH 3 Cl in a GC-MS 11 (a Varian 3400 gas chromatograph interfaced to a Saturn II ion trap mass spectrometer). Specified 12 amounts of CH 3 Cl were prepared by injecting known volumes (100 to 1000 μL) of 1000 ppm of CH 3 Cl 13 in N 2 and a standard curve was generated and used for CH 3 Cl quantification. A 100 μL gas sample was 14 taken out from each gasbag and injected manually into the GC-MS system with a Pressure-Lok syringe 15 of the ICP-OES analysis of K and Cl was 8% and 10%, respectively. 5
Calculation method in the balance of Cl and K 6
The fraction of Cl (other than CH 3 Cl) and K released could not be quantified directly in this system. 7
Therefore, a mass balance method based on the amount of K and Cl found in the raw fuel and the solid 8 residue [18] , was applied to analyze the Cl and K release at various conditions. 9 10 3. Results and discussion 11
TG curves 12
In pyrolysis of biomass, significant amounts of organic vapors or gases (e.g., CO, CO 2 , H 2 O, CH 4 and 13 CH 3 OH) are released because of the thermal decomposition of the organic matrix during heating. Some 14 ash-related elements are also released in this phase [31] . The solid residue is char, which is mainly 15 composed of carbon. 16
As shown in Figure 1 produced. However, a significant amount of Cl (25-50%) was released as CH 3 Cl during pyrolysis of 12
KCl-doped pine wood, lignin and pectin, with the KCl-doped pectin releasing the most CH 3 Cl. The total 13
Cl release of KCl-doped wood, cellulose and pectin were generally more than 10% higher than the Cl 14 released as CH 3 Cl, implying that also other forms of Cl (presumably HCl or tar-Cl) were released during 15 pyrolysis. In KCl-doped lignin, the total release of Cl was close to that of CH 3 Cl, indicating that Cl is 16 predominantly released as CH 3 Cl in lignin. Only a small amount of Cl was released in KCl doped xylan. 17
The monomer structures of the model biomass compounds in Figure 3 (2) 7 8
The CH 3 Cl produced from pine wood (a softwood) is presumably partly related to its lignin content, 9 because lignin takes up about 20% in total in woody biomass while the content of pectin is very low 10
[14]. The lignin used in this study is from hardwood, which typically has about twice as many methoxyl 11 groups compared to the softwood lignin from pinewood. The similar amounts of CH 3 Cl released in KCl 12 doped wood and lignin imply that the number of methoxyl groups are similar in the two samples, and/or 13 that the methoxyl groups in the pine wood are more reactive that those of the lignin. As shown in Figure 5 , an increasing heating rate has also a negative influence on the release of CH 3 Cl, 11 especially when the heating rate is below 500 o C/min. During pyrolysis at a holding temperature of 12 temperature range due to a higher heating rate inhibits the reactions between KCl and organic groups, 20 thus leading to a lower production of CH 3 Cl. Conceivably a higher heating rate can also enhance the 21 secondary reactions between CH 3 Cl with char, thus reducing the CH 3 Cl yield, but this is not proved 22
directly by experiments. 23 wood. The amount of CH 3 Cl produced from doped pectin was even higher than those from doped wood 8 and lignin, and the mass continued to increase until the concentration of KCl reached 5 wt%, suggesting 9 that more methoxyl can be supplied for the formation of CH 3 Cl in pectin than in pine wood and 10 hardwood lignin. 11
The impact of doped KCl content 24
Figure 6 (a) and (b) show the mass (mg/g-fuel) and fraction of Cl released as CH 3 Cl during pyrolysis of 1 different samples at 500
Cl and K balance 12
The current hypothesis about the reaction mechanism between KCl and organics is shown in Eq. (3). 13
KCl reacts with the organic matrix and release HCl or CH 3 Cl, and at the same time bind the K in the 14 char. Released gas phase Cl can be captured by char via secondary reactions, forming organically 15 associated Cl [35] or KCl [22, 34] 
, in Eqs. (4) and (5). 16 (3) 17 (4) 18 (5) 19
According to this hypothesis, the fraction of water soluble K should be equal to that of water soluble Cl 20 in the residue (i.e., KCl). Table 3 shows that the molar ratio of water soluble K/Cl is not equal in all of 21 the samples, and the ratio varies depending on fuel type. In most cases, K/Cl is above 1. One possible 22 explanation is that some reaction products, i.e. organic-K and organic-Cl, are also water soluble (e.g. 23 CH 3 COOK [36] ). Another possibility is the formation of water soluble K-salts, e.g. K 2 CO 3 and K 2 SO 4 .
12
The transformation and release of K in pyrolysis is complicated. Organic K may decompose at increased 1 temperature and the primary released K (maybe even as atomic K [37]) may undergo secondary 2 reactions with ash species and char, forming KCl, K 2 CO 3 , K 2 SO 4 and K-minerals, etc. These reactions 3 limit the amount of K released to the environment. In the temperature range 700-800 these observations. Chlorine released in other forms is lower in doped xylan, taking up less than 10%. 22
However, due to the lack of data for the release of HCl, the mechanism of the reaction between KCl and 23 xylan still remains in question. In KCl-doped pine wood, lignin and pectin, CH 3 Cl is the main form of 24
13
Cl in the balance, taking up more than 50% in each sample. Chlorine released in other forms is very low 1 for all of the 3 samples. The molar ratio of water soluble K/Cl in the residue of doped cellulose, shown in Table 3 , is about 1.11, 9
illustrating that KCl is not the only form of water soluble K left in the char residue. Chen et al. [35] 10 found a similar result from pyrolysis of KCl doped cellulose. According to the hypotheses above, water 11 soluble organic-K (e.g. CH 3 COOK) and water soluble K salts (e.g. K 2 CO 3 and K 2 SO 4 ) can be formed 12 during pyrolysis. The formation of water soluble K salts is supported by XRD analysis, shown in Figure  13 10. For similar reasons, the content of water soluble K is higher than that of water soluble Cl in the 14 residue of doped pine wood, lignin and pectin. The molar ratio of water soluble K/Cl is higher (1.83, 15 1.55, 2.61) in these samples than in doped cellulose, which is probably due to variations in the extent of 16 the reaction in Eq. (3). However, in doped xylan the molar ratio of water soluble K/Cl is 0.80, indicating 17 water soluble Cl is higher than water soluble K in the residue. This is in agreement with the observations 18 by Chen et al. [35] , and is probably due to the different structure of xylan. 19
The results for the same samples at 500 Water insoluble K in all samples also decreases at the high temperature of 850 o C, while the fraction of 1 released K increases. The K release in the KCl-doped wood sample is about 36%, while it is more than 2 50% in KCl-doped cellulose and less than 20% in the remaining samples. 3
XRD and SEX-EDX analysis of residues 4
XRD was applied to study the crystallized mineral species in char. Figure 10 shows the XRD peaks of 5 char from pyrolysis of KCl-doped pine wood, cellulose, xylan, lignin and pectin at 500 o C with a heating 6 rate of 500 o C/min. All peaks showed presence of KCl, and it was almost the only mineral in the char of 7 pine wood and cellulose. Due to the high content of Na in xylan and pectin, Na salts (e.g. NaCl and 8 Na 2 CO 3 ) were found in their chars. K 2 SO 4 was found in the char of lignin, consistent with its high 9 content of S. K 2 SO 4 is water soluble and thus it supports the hypothesis that salts other than KCl 10 contribute to the water soluble K. K 2 CO 3 was not detected in any of the samples in Figure 10 . 11
Presumably it is not produced in pyrolysis, or it has been decomposed or reacted with other substances. 12
Figure 11 (a) shows the morphology and composition of 2% KCl-doped pine wood sample before 13 pyrolysis. Part of the doped KCl (e.g., area 2) was distributed uniformly in the wood, and part of the 14 doped KCl (e.g., area 3) was present as KCl particles on the wood surface. However, the KCl particles 15 were still observed in the char of the same sample after pyrolysis, as shown in Figure 11 
Practical implication 21
The results from the present work have some practical implications for biomass combustion/gasification 22 in fluidized bed or fixed bed systems: 23 16 1) During biomass pyrolysis under low and moderate heating rate (e.g. <1000 o C/min) conditions, the 1 reactions between KCl and organics with methoxyl groups (e.g. lignin and pectin) may result in a 2 considerable fraction of chlorine released to gas phase as CH 3 Cl. The presence of CH 3 Cl may 3 become a concern for gas purification in gasification systems. 4
2) After the chlorine in KCl is released as CH 3 Cl during biomass pyrolysis, the potassium is primarily 5 converted to organic bounded K in char. The oxidation of organic bounded K may results in the 6 formation of KOH or K 2 CO 3 which may induce bed agglomeration in fluidized bed systems. 
Conclusion 15
The present study shows that during pyrolysis at low and moderate heating rates (<1000 Table   Table 2   Table 2 Experimental conditions 
